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Incorporation of Lactate Measurement in Multi-Spin-
Echo Proton Spectroscopic Imaging

Jeff H. Duyn, Joseph A. Frank, Chrit T.W. Moonen

An improved multi-slice, multi-spin-echo proton spectro-
scopic imaging method for human brain is presented. The
technique allows the reconstruction of lactate images, along
with choline plus creatine, N-acetylaspartate, and lipid images
from one single data set processed in three separate ways.
The discrimination between resonances of lipid protons and
lactate methyl protons is based on homonuciear spin-spin
coupling. The reliability of the separation of the lipid and
lactate contribution depends on the T, of the lipid resonances.
Measurements were performed on a standard 1.5 Tesla clin-
ical scanner on healthy volunteers and a patient with high
grade CNS lymphoma, demonstrating the ability to obtain high
quality metabolite maps within 11 min.

Key words: MR proton spectroscopy; MR proton spectro-
scopic imaging; lactate editing; lipid suppression.

INTRODUCTION

Because of its sensitivity as a marker of anaerobic metab-
olism, the measurement of local lactate concentration has
become one of the prime targets of in vivo proton NMR
spectroscopy. For example, the concentration of lactate
in early stroke may change at least an order of magnitude
as the direct result of a change from aerobic to anaerobic
glucose consumption. In addition, lactate may be found
in and around brain tumors because of limited oxygen
supply. Other metabolites observed with long echo time
proton spectroscopy may provide important additional
information, e.g., local N-acetylaspartate (NAA) concen-
tration may report on the number of neurcns present,
choline (Cho) concentration may provide information on
the degree of tumor malignancy. Unfortunately, conven-
tional proton spectroscopic imaging (MRSI) typically
takes about a half hour for a 1- to 2-ml resolution at 1.5 T.
Furthermore, discrimination between lipid and lactate
may take additional studies. Recently, it was shown that
the duration of a MRSI study can be shortened drastically
using muliiple spin-echoes. However, the initial tech-
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nique did not allow the simultaneous measurement of
lactate (Lac) along with choline, creatine (Cre), and NAA.
The resonance due to the methyl protons of lactate is a
doublet at 1.33 ppm because of the three-bond homo-
nuclear coupling between the single methine proton and
the three equivalent methyl protons (J = 7 Hz). The major
resonances of lipid (triglycerides) can also be found in
the same spectral region. Several methods have been
developed to specifically select the lactate methyl reso-
nance. Some methods are based on the coupling with the
C,, proton using selective decoupling or selective inver-
sion (1-4). Alternatively, editing methods based on zero-
quantum (5-9), multiple quantum {7, 9-14), polarization
transfer (15-19), and longitudinal spin order (z filter,
20-22} techniques can be employed. In addition, spin-
locking pulses can be used to select the lactate doublet
(23). However, these methods do not allow simultaneous,
full sensitivity, detection of lactale methyl resonances
and noncoupled resonances of other metabolites with a
single acquisition/phase encode step. As a result, multi-
ple data acquisition protocols have been suggested to
discriminate lactate and lipid contributions, and to eval-
uate Cho, Cre, and NAA, as well. Here, we report a
modification of the recently introduced fast MRSI
method. The method allows simultaneous measurement
of Cho+Cre, NAA, and lactate and also allows a limited
discrimination between lactate and lipid solely on the
basis of different ways of processing. The technique is
based on phase modulation of the lactate doublet in
subsequent echoes (interval is 1/J) due to homonuclear
coupling, in contrast to the noncoupled resonances
which do not show phase modulation. A preliminary
account of this work was presented recently (24).

METHODS
Pulse Sequence and k-Space Sampling

Measurements were performed on a phantom and on
human subjects on a conventional 1.5 T GE/SIGNA scan-
ner (General Electric, Milwaukee, WI) using a standard
head coil and standard shielded gradients with 0.01 T/m
maximum strength.

The multi-spin-echo proton MRSI meihod was a mod-
ification of the multi-spin-echo method described previ-
ously (25), A CHESS pulse sequence was used for water
suppression and octagonal outer volume suppression
(OVS]) for reduction of lipid signals. The use of optimized
180° pulses, and the crusher scheme to avoid unwanted
coherences have been explained previously (25). The
new multi-spin-echo sequence (Fig. 1) acquired five ech-
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FIG. 1. Multi-spin-echo proton
MRSI pulse sequence. CHESS and
octagonal OVS are used to sup-
press water and lipid signals. To al-
low measurement of lactate, five
echoes are generated at intervals of
136 ms. The strength of the z-gradi-
ent crusher was varied to suppress
stimulated echoes and unwanted
gradient echoes.

oes at equidistant intervals of 136 ms {corresponding to
1/J for the homonuclear spin-spin coupling of the lactate
methyl resonance). The first echo was at 136 ms. An
alternative k-space sampling scheme was used in the
modified technique (Fig. 2). The central part of k-space
was covered by both first and second echo, whereas
further segments were covered by later echoes. The dou-
ble sampling of the central k-space points and the over-
lap of k-space segments a and b (Fig. 2} is explained
below.

The bandwidths of the 80° and 180° RF pulses were 2.0
and 2.2 kHz, respectively. The somewhat larger value for
the 180° RF pulse, in combination with equal amplitudes
of the slice selection gradients, was chosen to improve
the slice profile. This was especially important for the
slice profile of the lactate methyl, which was otherwise
distorted due to the offset in slice profile of the resonance
for the coupled methine proton (26). Experiments on a

Ky

SRR

Kx

FIG. 2. Segmentation of k-space. The central segment (a) is cov-
ered twice, i.e., by the encoding of first and second echo. Further
outlying segments (b,¢,d) are covered by later echoes (3, 4, and 5,
respectively). An overlap of segments a and b (solid black area)
was introduced to improve localization of lipid signals.

phantom containing 2 M lactate in water were performed
to optimize these slice profiles.

Data Processing

Data were processed off-line on Sun-SPARC worksta-
tions {Sun microsystems, Mountainview, CA) using IDL
processing software (Research Systems, Boulder, CO).
Each of the five echoes was apodized by a 25% Hamming
filter and Fourier transformed. Then, the contribution of
the lipid resonances, of the doublet methyl signal of
lactate, and of the singlet resonances of the noncoupled
resonances of the metabolites Cho, Cre, and NAA were
evaluated using three separate ways of processing the
same dataset.

Processing method 1 was used to create lipid images.
The signals of first and second echo were added, whereas
signals of third to fifth echoes were zeroed. In order to
null the lactate contribution to the lipid images, a cor-
rection for lactate methyl T, loss (assuming a T, of 1 s5)
was applied prior to the addition of the first two echoes.
The zeroing of the outer k-space segments resulted in a
reduction of image resolution to 22 mm.

Processing method 2 was used to create NAA, and
Cho+Cre images. The signals from the five echoes were
corrected for signal loss due to T, decay using a decay
constant of 400 ms (25). Subsequently, the signals of first
and second echo were added. In the overlapping area of
segment g and b (see Fig. 2, radial overlap = 5 points), a
weighted average (Hamming weighting function) was
taken of the corresponding signals. This resulted in a
smooth apodization of residual lipid signal due to its
short T,. Without this procedure, a step function would
be present in the lipid k-space going from segment a to b
due to the short lipid T,, leading to an increased bleed
into neighboring voxels.

Processing method 3 was used to reconstruct lactate
images. First, a 180° phase correction was applied to the
odd echo signals. Signal losses over subsequent echoes
due to T, decay were corrected using a 1-s decay con-
stant. Subsequently, signals of echo 1 and 2 were added
with relative weighting factors 0.34:1 to null the lipid
signal in the central k-space segment and therefore re-
duce lipid bleed. The optimal weighting factor was de-
termined experimentally. A further advantage of the ad-
dition of the first two echoes was the enhancement of

Material may be protected by copyright law (Title 17, U.S. Code)




Lactate in Multi-Spin-Echo Spectroscopic Imaging

lactate signals. The overlapping area of segments a and b
in k-space was treated identically as for the processing
method 2 (see Fig. 2).

For all three processing methods, data were apodized
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3) adjustment of the CHESS pulse angle; 4) the MRSI
measurement. Three slices were collected within a total
TR of 3200 ms. Slice thickness was 13 mm, slice gap 7
mm. The echo signals were acquired during 128 ms using

oton
and with a radial cosine filter in the spatial domain (starting a spectral width of 2000 Hz. A 32 X 32 (circular) peint
sup- at 0.25 of maximum radius), zero-filled, and Fourier k-space was sampled with a 24 X 24 cm field of view.
o al- transformed. Minor signal losses due to imperfect refo- ~ The measurement time of the HSI experiment was 11
five cusing pulses were estimated at 5% for each spin-echo. min, The total measurement time, including setup times,
Is of Its correction was done prior to the compensation for 7,  was 20 min.
ri‘i'; effects. After correction of B, shifts by referencing to the
L)nte d NAA peak-position (27), metabolite maps were created
by spectral integration over 0.2 ppm (25). For the lipid ~ RESULTS AND DISCUSSION
images, spec.tral integration was performed over the same The processing method for lactate methyl signal (pro-
chemical shift range as that for lactate. . ) : e
R . . cessing method 3) was first tested on phantoms. The
The nominal in-plane resolution (not counting the ef- ] e :
. . . . actate editing in the MSE-HSI method is based on the
fects of spatial window functions and circular k-space) dulati t th bl . b
vas 7.5 for Cho+Cre, NAA, and Lac images. Thus modulation of the metnyl proton resonance In subse-
med v o ’ ’ ' ' quent echoes due to the coupling with the methine pro-
the nominal voxel volume was 0.7 ml. However, we . ; .
. ton. For optimal performance of the selection of the lac-
prefer to report the actual voxel volume based on the full . . .
, . . . tate doublet, the slice profile of the coupling methine
width half maxiroum (FWHM) dimensions of the two-
. . . . . . . proton should cover completely that of the methyl pro-
dimensional point-spread function (PSF) in which win- . . . . .
¥ : tons despite the difference of 2.9 ppm in chemical shift.
sta- dows and circular k-space have been accounted for. The ;

! : . o As expected, phantom measurements (Fig. 3) showed a
IDL ‘ width of the PSF was 13 mm, and because the 2D-PSF d d f the sli file for th hvl
CO). b rofile has a circular symmetry, the actual voxel volume strong dependency of the slico profile for the methy
. P! 17 ml ’ 7 ' ’ ’ protons on the relative selection widths of the 90° and

& 18 L7k 180° RF pulses. An equal or smaller width for the 180°
n. of . . . .

pulses led to distortion of the slice profile for the lactate
] of Protocol ” .
led 5 methyl protons, and concomitant signal loss. A 10%
Sem The human subject protocol was approved by the intra- larger selection width of the 180° pulses led to complete
, thel mural review board at the National Institutes of Health. elimination of profile distortions. These measurements
’ , Multi-spin-echo proton spectroscopic imaging studies stress the importance of the choice of a slightly higher
5 were performed on normal human subjects (n = 5), and ~ bandwidth for the 180° pulses as compared with the 90°
ages. . . . . . '
sreas on a patient with a biopsy-proven high grade lymphoma  pulse in the MSE-HSI sequence. The phantom measure-
;3r to {two separate studies). The measurement protocol was ments with the increased bandwidth of the 180° pulses
cor- similar to the one previously described (25), and con-  showed good slice profiles for lactate methyl (Fig. 3a),
- 5 sisted of 1) gradient echo MRI to determine OVS coordi- even for the later echoes. Some additional signal loss
1 s) & &
o8 nates; 2) RF transmitter gain adjustment and shimming; (10—20%) was observed for every repeated echo over the
in a 50 50 50 50
[
and 40 40 Fng
were 40
lecay ol o
[ first :
ea of = 20 2 30
ts), a KA i
S H
was 5 T 0
mn a @ 20
0 its ok
ould 0
1to b 10
bleed - -1
=10 b biadaadus bt =20 baoslondosdin it =20 buadon bl Q FERRERTY
ctate 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
o the position (mm) position {mm) position (mm}) position (mm)
-hoes
con- a b ¢ d
dded . . . ) i .
lipid FIG. 3. Slice profiles of water and lactate, measured with a 2 M lactate phantom. (aj~{c) Profiles of water (dotted lines) and lactate (sqlld
il lines) in the first echo (real transverse magnetization). The lactate signal was inverted for comparison. By varying the slice selection
e Te- gradient, the selection width of the 180° pulses was varied betwsen +10%, equal, and —25% as compared with the selection width of
s de- the 90° pulse. The lower selection widths resulted in a deterioration of the lactate profile. (d) Lactate profiles of first and second echo are
e ad- compared (magnitude transverse magnetization), using identical selection widths of 90° and 180° pulses. The second echo demonstrates
nt of a reduced amplitude of the side lobe, seen at the left of the profile.
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full width of the profile, and could not be explained by
T, effects. We tentatively attribute this loss to multiple
guantum evolution during the refocusing pulses. Such an
effect could increase if the RF bandwidth approaches the
multiple quantum frequency.

Lipid distribution was tested in normal volunteers us-
ing processing method 1. As expected, lipid images
showed only intensity above the noise level in the skuil
region due to incomplete lipid suppression with some
“ringing” due to the limited number of phase encode
steps. Note that the point-spread function for lipid is
broadened with respect to that of the metabolites due the
fact that a restricted k-space segment is used.

Overall, the measurements ou normals demanstrated a
spectral quality similar to that reported previously (25)
with respect to water and lipid suppression. Processing
method 2 for Cho+Cre, and NAA yielded a 10-25%
improvement in image SNR as compared with the single
echo multi-slice method (27) using TE 272 ms. The im-
proved SNR is mainly due to the acquisition of the first
echo at 136 ms. The NAA metabolite maps generally
showed only minor bleed of lipid into brain regions
similar to the single echo multi-slice method. In two
volunteers, the top slices showed substantial lipid con-
tamination. In these cases, improved NAA maps were
obtained by discarding the signals from the first echo
{SNR was traded off against lipid suppression).

To assess the viability of processing method 3 to reg-
ister elevated lactate levels in human brain, a patient
with high grade lymphoma was studied (Fig. 4-6). The
lesion initiated within the right hemisphere (left in Fig. 5
and 6) and crossed the corpus callosum to penetrate the
left hemisphere. No lipid presence could be demon-
strated in the lesion using processing protocol 1. A spec-
trum from the center of the lesion in the left hemisphere
(Fig. 4) showed elevated lactate and Cho+Cre, and re-

Cho

.’."\‘ ’ VA
VI (9. 4Y

) %
P PR TETTI FERV NI T SRR TR (S ST F TN SN, | IR P78 RN ST NE R Tleaifaas

3.5 3.0 2.5 2.0 1.5 1.0 0.5
chemical shift (ppm) ~—=

FIG. 4. Spectra from the lesion center acquired with multi-spin-
echo proton MRSI method and processed with different methods.
The low field (left) part of the spectrum was obtained with pro-
cessing method 2 for noncoupled resonances. The high field
{right) part was obtained with processing method 3 for lactate
(solid line), and also with method 2 {dashed line). Note the increase
in lactate signal using the lactate processing.
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duced NAA. The reduced spectral resolution is the result
of the limited acquisition time/echo (24). Metabolite
maps were created of NAA, Cho+Cre, Cho/NAA, and
lactate (Fig. 5). In the affected regions a marked increase
of lactate and Cre+Cho was observed, whereas NAA was
much reduced. A similar situation was observed in the
follow-up study 2 months later.

Data of the center slice of the latter study demonstrate
the influence of different processing methods on the
lactate and lipid maps (Fig. 6). The lipid image of Fig. 6b
{processing method 1) shows high intensity in the skull
region. When using only the second echo (at 272 ms), the
lactate image should be similar to a conventional long
echo-time spectroscopic imaging. Note the presence of
some lactate intensity in the lesion and the high remain-
ing lipid signals. The efficacy of the weighted subtraction
of the first and second eche in the lactate images using
protocol 3 is demonstrated by the large reduction in lipid
signal in Figs. 6d—6f. These images also show the effect
of including later echoes in the processing.

The presence of remaining lipid signal in the echo at
272 ms leads to the possibility of motion artifacts origi-
nating from the large lipid peaks in conventional proton
spectroscopic imaging. In processing method 3 of the
new technique, the lipid signal of the first and second
echo are reduced drastically by the weighted subtraction.
Because these echoes are only 136 ms separated in each
scan, the procedure has a negligible sensitivity to motion
of the head. This explains the observation that in all
studies, remaining lipid signal in processing method 3
was much smaller than the images obtained with only
the echo at 272 ms.

As can be seen from the strong remaining lipid signals
at the skull region in Figs. 6d—6f, the three different
processing methods for lipid, lactate methyl, and singlet
methyl resonances do not represent 100% effective edit-
ing methods. In order to provide insight into the degree
of selection, we have evaluated the point spread function
for lactate and lipid using the different k-space analysis
processing methods (Fig. 7). The T, of the compounds
plays an important role in the degree of selection. At 1.5
T the T, of the resonances for lipid and the lactate methyl
protons are about 85 (see ref. 28 and references therein),
and 1200 ms, respectively (29). If processing method 1
(for resonances with short T,) detects only a low lipid
concentration around the lesion, we may safely neglect
the residual lipid concentration in processing method 3
due to the weighted subtraction procedure. However, if
substantial lipid accumulation is detected with process-
ing method 1 the lactate image should be considered
unreliable because subtraction errors in protocol 3 may
be substantial due to uncertainty in lipid T, in the lesion.
We have not yet detected lipid in brain lesions using the
new method. However, we estimate that the threshold for
discarding the reliable discrimination of lactate and lipid
is when lipid signal in processing method 1 is signifi-
cantly higher than the typical NAA intensity.

Lactate signal is eliminated completely in protocol 1 if
the lactate methyl T, is 1 s, because of the weighting
factor in processing method 3. Even for a decrease of the
lactate T, to 600 ms, only 8% of the total lactate methyl
signal will contribute to the “lipid” image. Thus, even

Material may be protected by copyright law (Title 17, U.S. Code)
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Cho+Cr (Cho+Cr)/NAA Lac,Lip

FIG. 5. Multi-spin-echo proton MRSI study of high grade lymphoma. The lymphoma initiated in the right hemisphere (left in images)
posterior to the ventricles, and subsequently invaded the other hemisphere by crossing the corpus callosum. The affected regions show
low NAA, high choline, and high lactate. The sagitial localizer image indicates the position of the three slices.

relatively large changes in lactate T, will not lead to
substantial errors in the lactate/lipid discrimination.

On the other hand, changes in lipid T, could affect
lipid/lactate discrimination. If the lipid image processing
method does not show a significant intensity in or
around the lesion, no significant lipid contribution to the
lactate image is expected. If the lipid image processing
method shows a distinct but low intensity at the lesion,
then the weighting factor should be varied in the lactate
processing method in order to minimize lipid contribu-
tion, and thus adjust for small lipid T, changes. Note that
in the lymphoma cases reported in this paper, lipid was
not detected in the lipid image processing method, and
corrections in the lactate image were not necessary. For
such a case with no lipid signal in the lesion, we estimate
that the lower threshold for lactate detection in the new
method is 1 mM. Note that lipid signals in the region of
1.3 ppm also contain homonuclear J-coupled resonances.
Similar to the previous discussion, the short T, of these
resonances would prevent the generation of artifacts in
the lactate map.

It is useful to compare the new method with previous
methods of proton MRSI. Let us start with a situation of

lactate and lipid in a lesion with such relative concen-
tration that at 272 ms TE, 50% of the peak intensity at 1.3
ppm originates from lactate and 50% from lipid. Simu-
lating the resulting resonance shape may belp, but is
unsatisfactory because of nonideal shimming in the re-
gion, in particular when lipid is present. Possible solu-
tions include the acquisition of images at TE 136 ms, or
a double quantum filtered, “lactate edited” spectroscopic
image (13). The latter takes 4 times the duration of the
conventional MRSI (for similar SNR). Other editing pro-
cedures with higher SNR (e.g., ref. 8) may also become
useful for MRSIL. The first option gives unsatisfactory
results because the image obtained at 136 ms will show
an increased lipid contribution due to the short lipid T,.
Therefore, an additional method with different TE will
pot unambiguously detect the lactate contribution. In
addition, conventional spectroscopic imaging at 136 and
272 ms will lead to large skull lipid signals, and are thus
prone to motion artifacts. The proposed new method will
not require any additional experiment time. However,
the reliability of lipid/lactate separation depends on the
lipid T,

Material may be protected by copyright law (Title 17, U.S. Code)




106 Duyn et al.

protons, more echoes could be acquired to increase the
speed of the method. Extensions to 3D proton spectro-
scopic imaging should be straightforward. The presented
method can also be combined with a preceding inversion
pulse for lipid suppression (30).

CONCLUSION

[mprovements on a fast MRSI method have been pre-
sented allowing multi-slice metabolic imaging of lipid,
NAA, Cho+Cre, and lactate within 11 min with a 1.7 ml
voxel volume. The results demonstrate that a qualitative
lipid/lactate discrimination can be obtained by different
data processing methods. The quality of the lipid and
lactate selection is high when the T, of both resonances
does not differ significantly from the assumed values. In
some cases, lactate evaluation in the presence of a large
lipid concentration may be hampered by pathology spe-
cific lipid T, changes.

FIG. 6. Demonstration of the use of different processing methods
on the same dataset. Data were obtained from a follow-up study
of the high grade lymphoma patient (cf. Fig. 5). The location of the
images is similar to that of slice no. 2 of Fig. 5. (a) Conventional
gradient echo MRI. (b) Lipid image (processing method 1). (c)
Lactate image obtained from the second echo (272 ms) only. (d)
Lactate image using the first and second echo with the subtraction
procedure of processing method 3. (e} Lactate image using the

! first, second, and third echo with the subtraction procedure of
processing method 3 for the first two echoes. (f) Lactate image
obtained with processing method 3 (all five echoes).
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